The v-ray spectroscopy of even-and odd-mass isotopea of polonium have been studied using arrays of Ge detectors coupled to recoil-m= analyzers, including recoil-decay tagging techniques. The level energies and B(E2) branching ratios can be reproduced by theoretical frameworks which do not explicitly include proton partickhole excitations across the Z=82 shell, conclusions in contraat to those deduced from alpha-decay measurements.
The nuclei in the lead region exhibit a wide variety of shapes as a function of neutron and proton number, as well as excitation energy and angular momenta. As the numbers of valence protons and neutrons increase, the structure evolves horn shell model behavior near N=126 to moderate collective oblate shapes. As the middle of the N=82-126 neutron shell is approached, proton particle-hole excitations across the 2=82 shell gap give rise to strongly collective oblate excitations, which coexist with the more moderate ground-state shapes [1] .
In recent years, the structure of the lightest polonium isotopes has been probed using recoil separators coupled to arrays of Compton-suppressed Ge detectors. The use of recoil separators was critical to identi& gamma rays associated with the evaporation residues, which are populated with cross sections considerably less than the dominant fission channel. For the lightest isotopes, the recoil decay tagging technique was used to identify prompt transitions in specific alpha-decaying isomers of the evaporation residues. Such studies have been completed on 192-197P0 [2] [3] [4] [5] , and in the case of the odd-A isotopes, transitions associated with both 13/2+ and 3/2-isomers were identified.
More recently, high-spin excitations were probed in 196P0using the 172Yb(28Si,4n) reaction at 143 MeV using the Jurosphere array of Compton-suppressed Ge detectors coupled to the gas-filled recoil separator RITU at the University of Jyv5skyl& Moliere radii in the lateral dimension, are used for these measurements. The dimensions of the target have been chosen such that approximately 99% of the electromagnetic shower in both the longitudinal and the lateral directions are contained within the targets. The selection of the typical lateral dimension of the targets is also to minimize selfabsorption of the generated giant resonance photoneutrons within the target.
Only an approximately 6% reduction in dose equivalent rate is estimated in
these target dimensions T. A complete description of the four targets used is summarized in Table 1 .
A schematic of the combined bremsstrahlung-photoneutron experimental setup is shown in Figure 1 . The target is placed inside the FOE of the beamline at about 170 cm fcom the beam exit window, aligned lengthwise along the photon beam. The lead-glass electromagnetic calorimeter, the central tube of which is also aligned along the photon beam, is placed approximately 40 cm behind the target. During bremsstrahlung measurements, the target is removed from the photon beam. The neutron dose equivalent rate measurements are made perpendicular to the incident photon beam direction. The Andersson-Braun (AB) remmeter is placed at a distance of about 80 cm at right angles to the aligned target, with the center of the remmeter aligned with the center of the target. The insertion device gap is kept in full open position to minimize the low-energy synchrotronsradiation. A copper shield, which is about 0.5X0 thick, is placed in front of the lead-glass calorimeter to screen against the low-energy residual synchrotrons radiation arriving at the FOE.
Experimental runs are conducted in such a way that each of the photoneutron measurement is preceded and followed by one bremsstrahlung measurement. Once the bremsstrahlung data set is collected, the target is placed in its marked position and the corresponding photoneutron data set is acquired. Then another bremsstrahlung data set is taken by removing the target. The average power born the two bremsstrahlung data sets is then used to normalize the photoneutron data. The changes in the beam current during this time is minimal due to the long particle beam life time in the storage ring and thus the measurements are approximately simultaneous.
Results and Discussion
The bremsstrahlung power and the corresponding photoneutron dose equivalent rates as a function of the beam current, measured 80 cm lateral horn the targets, are given in TabIes 2 and 3. The dose equivalent rates (DE) have been obtained from the net AB count rate using the calibration factors determined earlier. The errors shown on DE are statistical. The variation of neutron dose equivalent rate from each target as a fi.mction of the bremsstrahlung power is plotted in Figure 2 for the data given in Tables 2  and 3 . The bremsstrahlung power plotted on the x-axis is an accurately measured quantity that relates to the actual storage ring vacuum and beam current variation. Thus, if the bremsstrahlung power is known, photoneutron dose equivalent rates born these four target materials can be normalized without having to rely on the storage ring parameters, like vacuum and beam current. The data horn Figure 2 , averaged over each target, is plotted in Figure 3 as a function of the atomic number Z of the target material. The error on these average dose rates due to elemental impurities in the targets is less than 1%. It can be seen that the average bremsstrahlung normalized photoneutron dose equivalent rates, measured 80 cm perpendicular to the target center is 2.7* 0.5 rem/h/W for iron, 3.2 k 0.5 rem/MW for copper, 3.90 .5 rem/WW for tungsten, and 4.6* 0.8 rem/h/W for lead targets.
The systematic corrections to the measured photoneutron dose equivalent (DE) rates should include thick target correction, correction due to wallreflected neutrons, and a correction for the non-giant resonance neutron dose contribution. The thick target correction addresses the reduction in the giant resonance neutron fluence due to self absorption in the targets. With our target dimensions, calculations indicate a 6% reduction in the DE rates due to self absorption T.The neutrons produced could also reflect from the concrete ratchet wall close to the target (Figure 2 ) resulting in a net artficial increase influence. The AB response to this artficid increase in fluence depends upon its proximity to the reflecting wall and the nature of the neutron spectrum. Calculations estimate a 10% increase in DE rates detected by the AB remmeter due to neutron reflection. An estimation of the dose-correction due to high-energy neutrons (non-GRN) requires the high-energy photoneutron neutron yield, corresponding dose conversion factors, and the .AB remmeter detection efficiency to these neutrons. Calculations using PICAS gives a 12% reduction in the measured DE rates due to non-GRN neutrons. The final result of the above discussed corrections is an 8% net increase in the measured dose equivalent rates.
Comparison with Previous Results
Not many measurements of photoneutron dose equivalent rates have been conducted previously at energies as high as 7 GeV. Therefore, a true comparison of the present results with the existing ones is difficult. The existing results from earlier measurements are mostly either from lowenerW incident electrons and photons gJOor horn analytical relations and Monte Carlo simulations llJZ. However, comparisons have been made with photoneutron dose equivalent rates horn low-energy incident electrons deduced from the previous calculations 11.These calculations do not take into account self-shielding effects. These results are also plotted in Figure 3 along with our measurements. The agreement is fairly good for tungsten and lead targets. For iron and copper targets the calculated values are smaller than the measurements.
The neutron dose equivalent rates from copper and tungsten, struck by bremsstrahlung produced horn a 3-GeV electron storage ring are also discussed elsewhere 10.These results are given normalized to storage ring vacuum and beam current. However an effort has been made to compare these results with our measurements from the beamline with the largest bremsstrahlung power. The comparison showed an order of magnitude difference in the photoneutron yield with our measurements. This is because the photoneutron dose rates normalized to beam current and vacuum may vary from beamline to beamline.
Conclusion
Photoneutron dose equivalent rates are measured as a function of bremsstrahlung power, from iron, copper, tungsten and lead thick targets placed in the bremsstrahlung beam at the insertion device beamlines of the Advanced Photon Source. The average photoneutron dose equivalent rates, normalized to the bremsstrahlung power, are measured as 2.7 & 0.5 rem./h/W for iron, 3.2 + 0.5 rem/h/W for copper, 3.9* 0.5 rem/h/W for tungsten, and 4.6 * 0.8 rem/h/W for lead targets. These are measured at 80 cm lateral from the center of the targets, perpendicular to the photon beam direction. The measured photoneutron dose equivalent rates normalized to beam current and the storage ring vacuum vary horn beamline to beamline because of the difference in the corresponding bremsstrahlung power.
--- Table 2 : Photoneutron dose equivalent rates at 80 cm lateral from target centers n beamline 1 I-IT). Atomic Number (Z)
Figure3: The photoneutron dose equivalent rate at 80 cm perpendicular toeach of the target center, normalized to the incident power, shown plotted as afunction of the atomic number. The present measurements are the average ofall the data from both beamlines 11 IDand61D. The results deduced from previous calculations of photoneutron yields released by incident electrons [11] are also shown for comparison.
